Recent claims that ferromagnetism can be produced in nanoparticles of metal oxides without the presence of transition metal dopants have been challenged in this work by investigating 62 high quality well-characterized nanoparticle samples of both undoped and Fe doped (0-10% Fe) ZnO.
Introduction
Development of new magnetic materials by doping semiconducting metal oxides with transition metal (TM) ions has been reported extensively since the prediction of room temperature ferromagnetism (RTFM) in these oxides [1] [2] [3] . However, some recent reports claimed that RTFM can be produced in metal oxides without any TM dopants, if prepared in nanoparticle (NP) [4] [5] [6] [7] or thin-film forms [8] [9] [10] [11] . For example, based on experiments using an extensive set of metal oxides including ZnO, Sundaresan et al. [4] have reported that undoped NP (size 7-30nm) samples of these oxides displayed ferromagnetism at room temperature while their bulk counterparts were diamagnetic. They argued that the ferromagnetism resulted from the exchange interactions between localized electron spin moments produced by the oxygen vacancies on the NP surface. Further, Garcia et al. [6] reported that by modifying the surface through the capping of 10 nm NPs with three different organic molecules, they could achieve variations in the magnetic properties of undoped ZnO NP. A combined theoretical and experimental study by Fernandez et al. [11] argued that RTFM is possible in undoped ceria. Similar magnetism has also been reported in other non-magnets such as gold, silicon, and graphite [12] [13] [14] [15] . In order to determine the likelihood of these claims, we prepared an extensive series of NP samples of zinc oxide with well defined sizes in the 4 to 20 nm range with (38 samples) and without (24 samples) Fe dopant, and investigated these samples thoroughly using a wide range of experimental techniques. The samples were synthesized by a chemical route that allows systematic variation of size, Fe dopant concentration, and reaction solvent to control the surface structure. If the magnetism is a result of active spin moments on the particle surface, the sample magnetization must increase systematically with decreasing particle size. Our studies did not show any systematic dependence of the saturation magnetization with NP size, rather, appreciable RTFM was observed in the NP samples only if they contained Fe dopants. The observed magnetization varies strongly with Fe doping concentration and the surface structure. Interestingly, none of the undoped NP samples showed any appreciable ferromagnetism. These results suggest that the ferromagnetism observed in undoped metal oxide NPs is likely of impurity origin. While intentional alteration of NP surface structure can affect the strength of observed magnetization, TM dopants are necessary for the origination of appreciable RTFM.
Experimental Details
Zinc oxide NPs were prepared using similar chemical hydrolysis methods [16] , one in diethylene glycol and the other in denatured ethanol solutions, hereafter referred to as ZnO-I and ZnO-II respectively. The samples were prepared from the same zinc acetate dihydrate precursor. Since two different solvents were used, the NPs should have different surface structure/groups depending on whether the particles are made by method I or method II. By varying the hydrolysis ratio (water : zinc acetate), ZnO-I samples were prepared in the 4-20 nm range, and by varying the reaction time, ZnO-II samples were prepared in the 4-9 nm range. In order to study the effect of TM dopant on the magnetic properties, samples were also prepared with iron ions doped using co-precipitation employing zinc and iron acetates in the hydrolysis process. The dopant concentration x is given by the molar ratio of
). Samples were characterized and investigated in detail using x-ray diffraction (XRD), magnetometry, transmission electron microscopy (TEM), Zeta potential measurements, electron paramagnetic resonance spectroscopy (EPR), and x-ray photoelectron spectroscopy (XPS).
X-ray diffraction (XRD) spectra were recorded at room temperature on a Philips X'Pert x-ray diffractometer with a Cu K α source (λ = 1.5418 Å) in Bragg-Brentano geometry. The loose powder samples were leveled in the sample holder to ensure a smooth surface and mounted on a fixed horizontal sample plane. Data analyses were carried out using profile fits of selected individual XRD peaks.
Zeta potentials of the powdered samples of undoped ZnO NPs and Zn 1-x Fe x O NPs were measured in nanopure water as a function of pH with a Malvern Zetasizer NanoZS. The temperature was equilibrated to 25°C, and the pH was varied in the 6 to 12 range using 1.0 N HCl and 1.0 N NaOH prior to collecting the data. At least 8 data collections per run were performed on three separate aliquots of the ZnO suspension for each sample.
High-resolution TEM analysis was carried out on a JEOL JEM-2100HR microscope with a specified point-to-point resolution of 0.23 nm. The operating voltage of the microscope was 200 kV. Image processing was carried out using the Digital Micrograph software from Gatan (Pleasant, California, USA).
For XPS measurements, the Fe doped ZnO powders were mounted onto the XPS sample holder by pressing onto double sided Nichiban tape inside a 3 mm diameter Moly finger mask. XPS spectra were recorded using a Physical Electronics Quantum 2000 Scanning ESCA Microprobe available at the Pacific Northwest National Laboratory. This system uses a focused monochromatic Al K α x-ray (1486.7 eV) source and a spherical section analyzer. The instrument has a 16 element multichannel detector. The X-ray beam used was a 100 W, 100 µm diameter beam that was rastered over a 1.3 mm by 0.2 mm rectangle on the sample. The X-ray beam is incident normal to the sample and the photoelectron detector was at 45° off-normal. The high energy resolution photoemission spectra were collected using a pass energy of 46.95 eV. For the Ag3d 5/2 line, these conditions produced FWHM of better than 0.98 eV. The binding energy (BE) scale is calibrated using the Cu2p 3/2 feature at 932.62 ± 0.05 eV and Au 4f at 83.96 ± 0.05 eV for known standards. The samples experienced variable degrees of charging. Low energy electrons at ~1 eV, 20μA and low energy Ar + ions were used to minimize this charging. The spectra shown here were charge referenced using the C 1s line at 284.8 eV.
Magnetic measurements were carried out at room temperature using a LakeShore model 7404 vibrating sample magnetometer by tightly packing powder samples placed in a clear plastic drinking straw. The magnetization data was recorded as a function of applied magnetic field up to ±1 T. The data reported here were corrected for the background signal from the sample holder (clear plastic drinking straw) with diamagnetic susceptibility χ = -4.1 × 10 -8 emu/Oe.
Electron paramagnetic resonance (EPR) measurements of the powder samples were performed. Small amounts (~ 40 mg) of each powder were placed in quartz tubes and inserted into the microwave cavity of a Bruker ELEXSYS E-500 X-band spectrometer. Sample temperature was maintained by a liquid nitrogen coldfinger flask. The data shown here were taken at 77 K using a modulation amplitude of 1 G.
Results and discussion
XRD was employed to investigate the structural properties and crystallite size, and to rule out the presence of any unwanted impurity phases. The representative XRD patterns shown in Figure 1a display only the wurtzite ZnO phase with no indication of other phases even in the sample with the highest Fe concentration of 10%. Since the XRD system used in this work has a detection ability of chemical phases with more than 1.5% (determined from XRD measurements of a physical mixture of ZnO and α-Fe 2 O 3 ), this clearly rules out the presence of any crystalline iron oxides or other binary oxides. The XRD peak positions of both ZnO-I and ZnO-II showed gradual changes with Fe doping, revealing interesting variations in the lattice parameters a and c and lattice volume V, determined using suitable pairs of (100), (102), (110) and (103) peaks, as shown in Figure 1b . This provides evidence for increasing incorporation of Fe ions in ZnO crystallites since the ZnO lattice volume initially increases due to Fe doping up to 5%. This can be understood qualitatively considering the sizes and charges of the ions and their local coordinations when Fe ions substitute for Zn 2+ ions. This might also require rearrangement of neighboring oxygen and/or Zn 2+ ions for charge neutrality. The relatively mild, but opposite changes in the lattice volume for >5% doping indicates additional incorporation of dopant ions in interstitial sites as has been reported in some host systems causing somewhat similar structural changes in the lattice parameters [17, 18] . Analysis of lattice parameters for the undoped NPs of both ZnO-I and ZnO-II samples showed a gradual increase in the unit cell volume V with decreasing particle size L as shown in Figure 1c . A similar increase in V with decreasing L has been observed in other oxide NP systems also due to their large surface to volume ratio [19] . Unlike bulk materials, NPs have large surface to volume ratio and the NP surface consists of uncompensated charged ions. ZnO-I and ZnO-II NP were synthesized in two different solution media, namely DEG and ethanol respectively, and therefore their surface structure and charge are expected to be different. To obtain insight into their surface structure and charge, zeta potentials of the powdered samples of undoped ZnO NPs and Fe doped Zn 1-x Fe x O NPs suspended in nanopure water were measured as a function of pH. Zeta potential at pH of ~ 7.5 showed differing surface charge for samples prepared in DEG and ethanol, with ZnO-I samples averaging to ~ +40±5.0 mV and ZnO-II samples giving less than half that at ~ +15 ±12.0 mV. Zeta potentials of ZnO-I and ZnO-II NPs as a function of pH for different crystallite sizes are shown in Figure 3 . Zeta potentials of all the Zn 1-x Fe x O-I NPs were similar at +33±1.4 mV suggesting that the Fe doping did not modify the surface charge significantly. This is true for the Zn 1-x Fe x O-II set also, although with a lower zeta potential of +18±2.1mV. Thus, these measurements clearly demonstrate that the zeta potentials and therefore the surface structure of the NP samples prepared in DEG medium (set I) and ethanol medium (set II) are significantly different.
XPS measurements were employed to investigate the possible presence of any iron oxides in the Zn 1-x Fe x O crystallites. The Fe 3p 1/2 XPS spectral region of Zn 1-x Fe x O-II NPs with different x is shown in Figure 4 . The core level Fe 3p 1/2 peak was observed at ~54.7 eV and 55.2 eV for Zn 1-x Fe x O-I and Zn 1-x Fe x O-II NPs respectively. These binding energy values are clearly different from the binding energies of Fe 3p 1/2 peak expected for most common iron oxides such as magnetite (53.9 eV), hematite (55.7 eV) and maghemite (55.7 eV) [20, 21] . This rules out the presence of these common iron oxides in Zn 1-x Fe x O samples and also clearly demonstrates the difference in the atomic environment surrounding the incorporated Fe ions in Zn 1-x Fe x O from that of these oxides. Thus, the XPS data clearly suggest that the Fe peaks observed from the Zn 1-x Fe x O samples are not arising from any maghemite, hematite or magnetite inclusions in the samples.
Room temperature magnetization M vs. magnetic field H measurements were carried out on all the samples. The resulting hysteresis loops were analyzed to determine the saturation magnetization M s , remanence M r and coercivity H c of these samples. A few representative hysteresis loops of doped and undoped ZnO-I and ZnO-II are shown in Figure 5 . The undoped ZnO-I and ZnO-II NP samples showed closed or very weak hysteresis loops, with M s in the 0-1memu/g, M r in the 0-0.05memu/g and H c in the 0-300G range. The hysteresis loop parameters showed that varying size of the ZnO NP samples prepared using both methods (ZnO-I and ZnO-II) in the 4 to 20nm range did not result in systematic changes in M s (Figure 6a ), H c (Figure 6b) , or M r . If the magnetism is arising from the surface of undoped NPs as other reports have claimed [4] [5] [6] [7] , the observed weak magnetism should have varied systematically with particle size. The random variation of the magnetization of the undoped ZnO with decreasing particle size therefore indicates that the ferromagnetism is most likely arising from weak impurities present in these samples that were so low in concentration to escape detection in the characterization studies. The extremely large surface of NPs is more likely to adsorb impurity atoms/ions compared to that of their bulk counterparts. Note that ferromagnetism has been reported in metal oxides doped with even < 0.5% of TM ions [18] . Our NP samples of pure undoped ZnO were prepared in the 4 to 20nm range, which covers the sizes used by all the studies [4] [5] [6] [7] that reported ferromagnetism in undoped ZnO NPs, and measurements were conducted on 24 independently synthesized ZnO NP samples to ensure that our results are statistically significant. Since these two sets of samples were prepared following a similar procedure, but in different reaction media, the only difference expected is in their surface structure as evidenced from the significantly different zeta potentials. Thus, it can be concluded that the difference in the surface structure of Zn 1-x Fe x O-I and Zn 1-x Fe x O-II is responsible for the observed difference in ferromagnetism between the two sets.
One might argue that the observed magnetism might be due to superparamagnetism resulting from isolated DMS NP or possible nanoscale non-DMS FM inclusions. However, the magnetization data shown in Figure 5b (inset) clearly displays an open loop, and all Fe doped samples consistently displayed coercivity in the 30-240G range. Presence of clear coercivity rules out the possibility of superparamagnetism and supports a ferromagnetic origin. If the superparamagnet is below its blocking temperature, ferromagnetic-like behavior with open hysteresis loop is possible. However, this will require a blocking temperature well above room temperature. Further, regarding the possibility of some non-DMS ferromagnetic/superparamagnetic impurity phase being present in the sample, our detailed characterization studies using XRD and XPS have clearly ruled out the possible presence of metallic Fe, its magnetic oxides or Fe-Zn binary oxides. Samples doped with Fe% as high as 10% also showed no impurity phases. Further, random presence of such impurities is unlikely to produce a systematic increase in magnetization with increasing Fe%.
EPR spectroscopy is a very powerful and sensitive experiment to determine the oxidation state of Fe ions and their interactions. EPR spectra collected from Zn 1-x Fe x O-I NPs at 77K, shown in Figure 7 , consist of a set of sharp lines in the 1500 G to 3300 G range, and an additional broad signal centered around g ~ 2.05, with a linewidth of 2142 G. The sharp lines are attributable to several magnetically inequivalent high-spin Fe 3+ ions (S = 5/2), characterized by different spin-Hamiltonian parameters, based on detailed studies reported on Fe doped ZnO single crystals and powders in the literature [22] [23] [24] . The broad signal, suggestive of ferromagnetically coupled Fe ions, is expected in semiconductors when doped with TMs if adequate charge carriers or oxygen vacancies are present [2, 3, 25] . . Another possible origin for the broad signal is inclusions of non-DMS FM NP such as iron oxides that might behave as superparamagnets. However, the detailed characterization data discussed earlier indicates that presence of such phases is an unlikely possibility. Interestingly, the EPR spectra ( Figure 7 ) recorded from Zn 1-x Fe x O-II NPs did not show any of the sharp lines, and only the broad signal attributed to Fe ions in ferromagnetic resonance was observed. Since the only difference expected between Zn 1-x Fe x O-I and Zn 1-x Fe x O-II NPs is in their surface structure, this result offers evidence that the observed EPR signals are primarily from Fe ions incorporated on the surface region of the ZnO crystallites. In Zn 1-x Fe x O-II NPs, there may be adequate oxygen vacancies/carriers on the NP surface to establish ferromagnetic coupling between all the doped ions, thus producing only a single but stronger signal due to the ferromagnetic component, and stronger magnetization [26] . The EPR data collected therefore confirms that the surface structure of NPs plays a crucial role in the observed ferromagnetic behavior, and explaining why the Zn 1-x Fe x O-II NPs are stronger ferromagnets than the Zn 1-x Fe x O-I NPs.
Conclusion
In summary, the detailed experimental studies described above on well characterized samples of undoped and Fe doped ZnO NPs clearly demonstrate that while surface structure can influence the strength of observed magnetism, TM dopants are necessary to produce an appreciable ferromagnetism in ZnO NPs. The NP samples of pure undoped ZnO prepared in the 4 to 20nm range, which covers the sizes used in all the recent reports claiming ferromagnetism in undoped ZnO NPs, showed zero or negligible magnetism. The observed magnetization did not show a systematic increase with decreasing particle size (ie, increasing particle surface) of the ZnO NPs, thus demonstrating that defects present increasingly in NPs because of their large surface to volume ratio are not solely responsible for the observed ferromagnetism in undoped metal oxide NPs. On the other hand, similar ZnO NPs synthesized with a TM ion (Fe) doped intentionally using identical synthesis procedures showed ferromagnetism and their magnetization varied systematically with Fe% (0 to 10% range), thus underlining that TM dopants are essential for ferromagnetism in metal oxides. These results make one wonder if the magnetism observed in undoped oxide NPs (especially those prepared using similar synthesis methods) is truly intrinsic or if it results from weak impurity/TM inclusions that are too low to be detected in most characterization tools. This work also compared the effect of different surface structures on the magnetism of Fe doped ZnO NPs and indeed observed significant differences in M s (up to 20 times) suggesting that the NP surface structure plays a key role in the modification of magnetic properties. This work thus provides a new method to improve the ferromagnetic properties of TM doped metal oxides through careful tailoring of the surface structure. 
